Abstract: Soil salinity and drought severely affect all aspects of plant physiology, leading to significant losses of crop productivity and native biodiversity. A key to sustainable land use in such areas is to cultivate well-adapted native plants that are also commercially important and have the appropriate gene pool. Glycine betaine (GB) is an osmoprotectant that imparts salt and drought tolerance to some plants. It is also shown separately to provide significant health benefits to animals and humans. We investigated whether Australian saltbushes, which are extremely salt and drought tolerant and also impart health benefits to grazing animals, may have the genetic basis for GB biosynthesis, explaining the two different observations. Complementary DNAs encoding the two key enzymes of the plant GB biosynthesis pathway, choline monooxygenase (CMO) and betaine aldehyde dehydrogenase (BADH), were identified and analysed from Atriplex nummularia and Atriplex semibaccata. The sequences showed the putative CMO proteins exhibited all functionally important features including the Reiske-type cluster (2Fe-2S) and mononuclear non-heme Fe cluster, and the putative BADHs exhibited conservation of active site residues. The expression of both genes was found to be significantly up-regulated in leaf tissues under salt stress. The leaf tissues also showed accumulation of very high levels of GB, at 29.69 mmol/kg fresh weight for A. nummularia and 42.68 mmol/kg fresh weight for A. semibaccata, which is several times higher than in cereal crops. The results demonstrate a strong potential of cultivation of saltbushes for re-vegetation and as a perennial fodder in salinity and drought-affected areas.
Introduction
Salinity is a global problem that currently affects about 10 million hectares of arable land and has a significant negative impact on agricultural productivity and sustainability, due to the salt-sensitive nature of most cereal crops. Effective land management is thus critical for food security and biodiversity conservation. An ideal strategy is phytoremediation using well-adapted native halophytic plants, as these have diverse innate mechanisms to combat salinity; some can also be used as sources of food, fodder, ornamentals and/or chemicals.
The Australian native saltbushes (Atriplex spp.) are extremely salt and drought tolerant (http://vro.dpi. vic.gov.au/dpi/vro/vrosite.nsf/pages/sss salinity western victoria). The seed germination of Atriplex prostrata and Atriplex patula (Katembe et al. 1998) and Atriplex centralasiatica (Liu et al. 2006) was not permanently inhibited at high salt levels. Saltbushes offer environmental benefits, such as reductions in soil erosion and surface salinity, groundwater recharge ( VanBueren & Price 2004) , excellent top cover due to horizontal growth (Harris et al. 2009) , and an exceptional choice for perennial re-vegetation and fodder due to their long life span (over 60 years for some species). A unique Australian initiative, the Kamarooka Project, undertaken by the Northern United Forestry Group (NUFG, Bendigo, Australia; Agro-forestry and mixed perennials in a low rainfall saline landscape; http://www.daff.gov.au/ data/assets/pdf file/0016/ 29122/vic agrofores try case study.pdf) has reclaimed a large salt-degraded area using selected native vegetation that includes three saltbushes (Atriplex nummularia, Atriplex semibaccata, Atriplex amnicola; (http:// www.daff.gov.au/ data/assets/pdf file/0016/29122/ vic agrofores try case study.pdf; P. Dyson & I. Rankin, personal communications, November 2009) .
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may be related to the synthesis of glycine betaine (GB) and choline by them and by halophytes, such as Suaeda spp. (Sahu & Shaw 2009 ), Salicornia spp. (Wu et al. 2010 ) and members of the family Amaranthaceae (Rhodes & Hanson 1993) . GB, a quaternary ammonium compound, is among the most important osmoprotectants (compatible solutes), which are small, highly soluble organic molecules, with no toxicity at high concentrations, no net charge at a range of physiological pH, and largely confined to cytoplasm (Rhodes & Hanson 1993) . Their synthesis raises the osmotic pressure, thus balancing the salt entry, allowing the intake of water and preventing its loss, and maintaining turgor, important for critical cellular activities (Rhodes & Hanson 1993) . In plants, GB is synthesized via oxidation of choline to betaine aldehyde by choline monooxygenase (CMO), then oxidation of betaine aldehyde to GB by betaine aldehyde dehydrogenase (BADH) (Rhodes & Hanson 1993) . GB has been shown to have significant roles in plant tolerance to salt or drought stresses (reviewed in Ahmad et al. 2013; Chen & Murata 2011) . Exogenous foliar application of GB led to significant reduction in Na + and maintenance of K + levels in saltstressed perennial ryegrass (Hu et al. 2012 ) and enhanced seed oil quality and antioxidant activity under water stress in maize (Ali & Ashraf 2011); GB pretreated pepper seeds showed increased germination under salinity (Korkmaz & Siricki 2011) . The application of pure GB and sugar-beet extracts to salt-stressed varieties of okra (Abelmoschus esculentus) led to alleviation of effects of salinity stress on plant biomass and other physiological parameters including ion contents, with some parameters showing greater improvement with pure GB compared to sugar-beet extract, and vice versa (Habib et al. 2012) . Many examples also show transgenic over-expression of CMO and BADH genes causatively leading to salinity tolerance. For example, the biomass and seed cotton yield of cotton expressing CMO from Atriplex hortensis was less affected by salinity compared to controls (Zhang et al. 2009 ). Transgenic tobacco expressing Salicornia CMO was capable of rooting in medium with 300 mM NaCl (Wu et al. 2010) , and transgenic potato plants expressing spinach BADH were significantly taller and heavier (Zhang et al. 2011) . Further, GB has been shown to play an essential role in maintaining the health of vital organs, such as the liver, heart and kidneys in humans (Craig 2004; Likes et al. 2007 ). GB reduces cardiovascular risk factors and betaine and choline decrease the risk of infant neural tube defects (Raman & Rathinasabapathi 2003) .
The saltbushes also make a highly desirable mixedfodder species, as shown in many large animal grazing trials in Africa and Australia (reviewed in BenSalem et al. 2010) . They contain high levels of nitrogen and phosphorus, and the organoleptic properties of meat from cattle fed on saltbushes do not vary from cattle not fed on saltbushes (Aganga et al. 2003) . A. semibaccata has high levels of magnesium, phosphorus, calcium and the essential amino acids methionine and lysine (Ben-Salem et al. 2010) . It also has an excellent potential for better animal health and wool growth due to being high in sulphur, nitrogen, salt and vitamin E, and may control internal helminthic parasites (http://images.wool.com/pub/ENRICH Booklet May 2011 lr.pdf). The basis of functionality of the saltbushes in animal health is unclear, but it may also involve GB. Interestingly, GB has been shown to help sheep digest salty feed and provide an adequate supply of nitrogen (El-Nasr et al. 1997) , and improve the health of pigs and poultry (reviewed in Ratriyanto et al. 2009 ). However, despite the numerous environmental and animal health benefits, little is known as to whether the saltbushes have the genetic ability to synthesise GB, and if so, whether it is in quantities superior to other fodder species. Addressing this gap is essential if these species are to be fully exploited for environmental and economic sustainability on saline and/or drought-prone land. This study investigates GB biosynthesis at genetic and biochemical levels in two saltbush species.
Material and methods

Plant growth
Seeds of A. nummularia and A. semibaccata were obtained from AustraHort Pty Ltd. (Australia) and germinated for 4-5 days on sterile filter paper moistened with sterile water. Seedlings were then grown on vermiculite:perlite mixture (3:2) under controlled conditions (25 • C, 70% humidity, 16 h photoperiod) in a plant growth cabinet, irrigated with Hoagland's nutrient solution every alternate day. Leaves of individual plants were snap-frozen in liquid nitrogen and stored at -80
• C and used for RNA extraction for cDNA synthesis. For differential gene expression studies, six seedlings of uniform growth were transferred to two pots (three plants in each) and grown as above for 8 weeks. Three of these were then exposed to salt stress in increments of 50 mM NaCl in Hoagland's solution every alternate day, to the final concentration of 300 mM NaCl, while three other seedlings continued to be irrigated with Hoagland's solution (as controls). The gradual increase in salt is critical to avoid physiological shock that can result in the loss of differential response (Peel et al. 2004) . The leaves and roots of individual saltstressed plants were harvested after 48 h at 300 mM NaCl and snap-frozen, and individual control plants harvested simultaneously. One hundred mg of leaf and root tissue of each plant was used for RNA extraction.
Cloning of full-length cDNAs
Multiple sequence alignments of all available plant CMO and BADH cDNAs from GenBank were conducted using ClustalW (www.ebi.ac.uk/Tools/msa/clustalw2/) and BioEdit v7.0.0 (http://www.mbio.ncsu.edu/bioedit/bioedit. html). The alignments were used to design exon-based primers (Table 1) . Total RNA was extracted from 100 mg leaf tissues of control plants using TRIsure (Bioline, Australia), dissolved in diethyl pyrocarbonate-treated sterile water and treated with 10 U DNase I and 2 U RNase inhibitor (Bioline, Australia). Two µg of each RNA were used for first strand complementary DNA (cDNA) synthesis using oligodT (18), Bioscript reverse transcriptase and RNase inhibitor (Bioline Australia), in 20 µL volumes. The quality of cDNA was assessed by PCR using 1 µL of the cDNA ATG GCA GCA AGT GCA ACA AC  Exon 1, MAASATT  47  1269  45  *CMOR1  TCA CTT CAA WAC TTG GTG TAA CC Exon 10, CWLHQVLK  47  BADHF7  ARA ATG GCG TTY CCW ATK YC  Exon 1, KMAFPMP  61  1503  57  BADHR1  GGA GAC TTG TAC CRK CCC CTG A  Exon 15, GWYKSP  59  Primers used for gene expression studies  *CMOF2  ATG CCT TTC ACA ATG TTT GC  Exon 3, HAFHNVC  59  506  55  *CMOR2  ACC ATT GTT TGA AGT CCC AG  Exon 7, GTSNNG  57  BADHF9  GCG TGC TAT TGC TGC TAA G  Exon 2, RAIAAK  57  539  51  BADHR3  GCA GCA GAA GCC ATA 
, 10 min). The PCR products of interest were purified and cloned into pGEM-T Easy vectors (Promega, Australia). Colony PCR was conducted using vector-based primers T7 and SP6 to identify colonies with recombinant plasmids. Six to ten such colonies per ligation were cultured in Luria-Bertani broth and used for plasmid extractions using Wizard Plus SV Minipreps system (Promega, Australia). Plasmids were sequenced using the BigDye Terminator v3.1 (Applied Biosystems, USA) as per instructions of the Australian Genomic Research Facility (Melbourne) (http://www.agrf.org.au/) and analysed on a 3730xl DNA Analyser at AGRF.
Sequence analyses, alignments and phylogenetic trees
The cDNA sequences were subjected to BLASTn (nr database) (http://www.ncbi.nlm.nih.gov/Blast.cgi), and the cDNAs and deduced amino acid sequences also compared to those of Arabidopsis thaliana (for CMO) and Spinacea oleracea and Atriplex centralasiatica (for BADH). Percent identity with all putative plant CMO and BADH proteins in GenBank was calculated using Sequence Identity Matrix in BioEdit v7.0.0. Phylogenetic trees were produced based on amino acid alignments using the neighbour-joining algorithm in MEGA4 (http://www.megasoftware.net/mega4/ mega.html) with a bootstrap replication value of 1,000. The following bioinformatics tools were also used: SIM4 (http://pbil.univ-lyon1.fr/members/duret/cours/inserm 210604/exercise4/sim4.html) to align cDNA and genomic sequences and predict splice junctions; GSDS (gene structure display server) (http://gsds.cbi.pku.edu.cn/) for drawing gene structure schematics; ProtParam (http://web. expasy.org/protparam/) for analysing the putative mature proteins for biochemical parameters (molecular weights, pI, amino acid composition, instability index, aliphatic index, and GRAVY (GRand AVerage of hYdropathicity)); Conserved Domain Database Search (CDD-Search), (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi); WoLF PSORT (http://wolfpsort.org/) and TargetP (http: //www.cbs.dtu.dk/services/TargetP) to predict subcellular locations; and ChloroP (http://www.cbs.dtu.dk/services/ ChloroP/) to predict chloroplast transit peptides (cTP) and potential cleavage sites.
Differential gene expression studies
Exon based, intron-spanning primers were designed using the multiple sequence alignments to amplify CMO and BADH cDNA amplicons estimated as 506 bp and 539 bp, respectively (Fig. 1, Table 1 ). Two µL of the first-strand cDNA from each control and salt-stressed plant was used for semi-quantitative reverse transcriptase PCR, in 50 µL reactions containing 25 µL Biomix (Bioline, Australia) and 100 ng of each primer. Cycle numbers were first optimised using leaf cDNAs from one control and one salt-stressed plant, to avoid saturation of band intensity estimates on gels, by amplifying for 15, 20, 25 and 30 cycles in separate reactions, with actin amplified simultaneously as a housekeeping control (Nicot et al. 2005) . The optimal cycle number determined for each gene was then used to compare various samples. Band intensities were analysed using ChemiDoc XRS workstation and Quantity One software (Bio-Rad, USA). The relative expression (fold change; FC) at the optimal cycle number was calculated as per Forrest (2008) as per Ahmad et al. (2008) . The clear methanol-water phase was freeze-dried, the pellet dissolved in 1 mL 50% ethanol and filtered through a 0.45 µM filter. A stock solution (5 mg/mL) of GB (anhydrous) was prepared in 50% ethanol and diluted to six standard solutions, from 50-1000 µg/mL. A Shimadzu HPLC system with UV-VIS detector SPD-10AD VP, a Prevail TM Carbohydrate ES column (250×4.6 mm), and a Prevail TM All-Guard TM Carbohydrate ES 5 µm guard column (4.6×7.5 mm) was used. The typical chromatography conditions were: 30
• C temperature, mobile phase of acetonitrile:water (75:25), 1 mL/min flow rate, 10 µL sample injection volume, pressure (Pmax) of 2200 psi, UV at 190 nm, and 15 min run time. The peak area was calculated using CLASS VP software (Shimadzu). Each sample and standard was injected three-times (technical replicates) and the average peak area was used for GB estimations. The method was validated based on five parameters of the International Conference on Harmonisation guidelines (ICH of technical requirements for registration of pharmaceuticals for human use: harmonized triplicate guideline on validation of analytical procedures: methodology, recommended for adoption at step 4 of the ICH process on November 1996 by the ICH Steering Committee, IFPMA, Switzerland.), i.e., linearity, intra-day and interday precision as % relative standard deviation (% RSD), limit of detection (LOD) and limit of quantification (LOQ). Linearity was determined based on linear regression (R 2 ) of the six standard solutions. To establish precision, 10 µL each of three standard solutions (50, 300 and 500 µg/mL) was injected three-times on one day (intra-day precision) and three-times each on three different days (inter-day precision) and the calculations done as % RSD = 100 * (σ/average peak area); LOD = 3.3 * (σ/S) and LOQ = 10 * (σ/S) (where σ = standard deviation of response (average peak area); S = slope of standard curve).
Statistical analysis
The mRNA levels and the amounts of GB in control and stressed plants (analysed in triplicates) were compared using the one-way analysis of variance (ANOVA) in SPSS Statistics for Windows v21 (IBM Corp, New York). The Least Significant Difference (LSD) and Tukey's-b post-hoc tests were conducted to compare group means ± SE; any differences being considered significant if p ≤0.05.
Results
Sequence characteristics of the putative CMO enzymes of saltbushes
The sequencing of clones indicated that both cDNAs were 1,317 bp long (GenBank accession -As-CMO: JX486549; AnCMO: KC785451). BLAST results showed the AnCMO and AsCMO cDNAs exhibited highest identity to the GenBank sequences of A. nummularia (AB112481.1; 97% and 99% identity for AnCMO and AsCMO, respectively), A. hortensis (AF270651.1; 97%, 97%) and A. prostrata (AY082068. 1; 86%, 96%). Both also had a high identity (84%) to CMO cDNA (EF362838.1) of spinach, a known GB accumulator (Rhodes & Hanson 1993) . The cDNAs encoded full-length proteins of 438 amino acids and mature proteins of 380 amino acids ( Fig. 2 ; Table 2). The phylogenetic tree ( Fig. 3 ) constructed using the alignment of all the plant putative CMOs available in GenBank (Fig. S1 ) grouped AnCMO and As-CMO with other members of Amaranthaceae, such as spinach, sugar beet, Suaeda spp., Amaranthus tricolor and Haloxylon ammodendron, reported to be GB accumulators (Rhodes & Hanson 1993) . The only monocot related to this group was the turf grass, Ophiopogon japonicus. However, its CMO is reported to be phylogenetically related to S. oleracea (Wu et al. 2010) . The low or non-accumulators formed a distinct clade, comprising all other monocots. Table S1 also indicates Fig. 2 . Alignment of the deduced amino acid sequences of saltbush CMOs. Amino acid sequence alignment of the CMO proteins deduced from cDNAs of Atriplex nummularia and Atriplex semibaccata isolated in this study (indicated by underline) with the reported sequences of Spinacia oleracea (spinach) (GenBank EF362838.1), Arabidopsis thaliana (AEE85689.1), Atriplex hortensis (AF270651.1), Atriplex nummularia (AB112481.1) and Atriplex prostrata (AY082068.1). The alignments were created in ClustalW in BioEdit. A dot (.) indicates a conserved residue when aligned with S. oleracea CMO. A dash (-) indicates a gap introduced to optimally align the sequences, or a missing residue. The bold and italicized "M" at the start of the sequence denotes the start codon. The downward arrow indicates the processing site of the predicted chloroplast transit peptide, and the predicted start of mature CMOs, corresponding to that of spinach CMO (A69). The light-grey shaded box indicates the Rieske iron-sulfur center [2Fe-2S] (CXHX 16 CX 2 H), with the key cysteine (C173, C192) and histidine (H175, H195) residues, marked with asterisks. The dark-grey shaded box illustrates the conserved mononuclear non-heme Fe-binding motif (DX 3 DX 3 HX 4 H), with the key aspartic acid (D296, D300) and histidine (H304, H309) residues, marked with asterisks. The "/"denotes the stop codon. (Fig. S1 ). NCBI-CDD means the NCBI-CDD search source domain. that putative CMO proteins from specific genera, such as Atriplex and Suaeda, have the highest percentage of sequence identity (>90%) within that group followed by broader relationship among their respective families, Chenopodiaceae (Atriplex spp., Beta vulgaris, Salicornia europaea, Spinacia oleracea) and Amaranthaceae (Suaeda spp., Amaranthus tricolor, Haloxylon ammodendron). Likewise, members of the Poaceae family (Hordeum vulgare, Oryza sativa and Zea mays) are closely related based on their sequence identities. These results suggest few evolutionary changes in CMO among species within a genus and the possibility of members of an entire genus having a functional/nonfunctional CMO. The CDD search revealed the two signature motifs of plant CMOs, i.e., the novel Rieske-type ironsulfur cluster and the mononuclear non-heme Fe cluster. The consensus for the Rieske motif in AnCMO and AsCMO was CTHRASILACGSGKKSCFVCPYH (i.e., CXHX 16 CX 2 H), which is identical to spinach and sugar beet motifs and highly conserved to the plant consensus (CXHX 15−17 CX 2 H) ( Fig. 2; Table 2 ). The mononuclear non-heme Fe cluster in AnCMO and AsCMO exhibited DNYLDSSYHVPYAH, i.e., DX 3 DX 3 HX 4 H, consistent with all plant CMOs (G/DX 3−4 DX 2 HX 4−5 H). The sequences also exhibited a number of other functionally important sites/motifs proposed by CDD search, i.e., an active site, a substrate-binding site, a Fe-binding site and an α-subunit interface (or polypeptide binding site) ( Table 2) . Prediction of subcellular localisation by WoLF PSORT suggested that AnCMO and As-CMO localised in the chloroplast, supported by the putative N-terminal chloroplast targeting peptide (cTP) of 58 residues seen in the protein sequence alignment and comparison with spinach CMO (Fig. 2) . TargetP indicated a chloroplast transit peptide with a reliability class of 1, and ChloroP predicted the cTP to be 72 residues for AnCMO and 91 residues for AsCMO. Other biochemical properties of the putative mature AnCMO and AsCMO were construed using ProtParam and compared with the CMOs from spinach, a dicot GB accumulator, A. thaliana, a dicot non-accumulator, and a monocot, O. japonicus (Table S3 ). The results indicated similarity in predicted molecular weights, theo- Fig. 4 . Alignment of the deduced amino acid sequences of saltbush BADHs. Sequence alignment of putative saltbushes BADH protein deduced from cDNA (indicated by underline) with reported GenBank BADH protein sequences of Spinacia oleracea (AAA34025.1), Atriplex hortensis (CAA49425.1), Atriplex prostrata BADH1 (AAM08913.1), Atriplex prostrata BADH2 (AAM08914.1), Atriplex micrantha (ABM97658.1), Atriplex centralasiatica (AAM19159.1), Atriplex tatarica (ABQ18317.1), Arabidopsis thaliana BADH 1 (AEE35649.1) and A. thaliana BADH2 (AEE78376.1). The alignments were created in ClustalW in BioEdit. A dot (.) indicates presence of conserved amino acid at the position aligned with Spinacia oleracea BADH protein. A dash (-) indicates a gap introduced to align the sequences or a missing amino acid. The bold and italicized "M" at the start of the sequence denotes the start codon. The F marked with an asterisk at position 146 denotes the conserved phenylalanine implicated in the binding of substrate betaine aldehyde (Hibino et al. 2001 ). The grey region shows the decapeptide VTLELGGKSP found to be conserved among plant aldehyde dehydrogenases (Weretilnyk & Hanson 1990 ) and contains the catalytic glutamic acid residue. A circle '•' at position 297 indicates the highly conserved catalytic cysteine residue. The ten motifs conserved across all aldehyde dehydrogenases are underlined and numbered. The three hash symbols (###) represent the C-terminal peroxisomal targeting tripeptide SKL. The "/"denotes the stop codon. retical pI and aliphatic index. However, the instability values varied, suggestive of non-monomeric functionality for proteins and the need for additional amino acids, such as a transit peptide, to prevent premature post transcriptional processing for proteins with the instability values >40. A difference noted in the transit peptide length of A. thaliana compared to the other CMOs (Table S3 ) may also be indicative of its non-functional CMO.
Sequence characteristics of the putative BADH enzymes of saltbushes The BADH cDNAs isolated from A. nummularia and A. semibaccata were both 1,503 bp long (As-BADH: KC785454; AnBADH: KC785453). The BLAST search results showed 96-99% identity with cDNAs from other saltbushes and also Ophiopogon japonicus (DQ645888.1) (both 96%), but much more limited identity (90%, 89%) with spinach BADH (M31480.1). The cDNAs encoded full-length proteins of 500 amino acids ( Fig. 4 ; Table 2 ). Plant BADHs lack a typical Nterminal transit peptide (Nakamura et al. 2001) and no experimental evidence for such a signal is available. Alignment of all available putative full-length plant BADH sequences from GenBank (Fig. S2 ) was used to construct a phylogram, which showed close evolutionary relationship of AnBADH and AsBADH with other members of Chenopodiaceae and Amaranthaceae (Fig. 5) . However, O. japonicus BADH, like its CMO, lies in this clade, suggesting the grouping was based more on similarity pertaining to BADH function and sequence similarity, rather than a separation of dicots/monocots. This observation is further supported by the percentage sequence identity between O. japonicus BADH and BADHs from Atriplex species (>90% ;  Table S2 ). Unlike the CMOs, which have variations at the N-terminal region, the BADHs are much more conserved ( Fig. S1 and S2) . Nonetheless, based on identities, the Atriplex BADHs do form a highly conserved group, like their CMOs.
The AnBADH and AsBADH cDNAs encoded putative proteins of 54.65 kDa and 54.56 kDa, (Table S3 ) similar to sizes of other BADHs determined experimentally, e.g., Zoysia tenuifolia (55.5 kDa; Oishi & Ebina 2005) , and rice (55 kDa; Mitsuya et al. 2009 ). The CDD-search showed the two putative proteins belonged to the aldehyde dehydrogenase (ALDH) family and exhibited several key features, e.g., residues involved in catalytic activity, the NADP-binding site, ALDH Gluactive site and ALDH Cys-active site (Table 2) . Additionally, the ten most conserved motifs in ALDHs proposed by Perozich et al. (1999) were also identified. Their roles in maintaining the structure and functionality of BADH enzymes are summarised in Table 3 and the relative positions in the multiple alignment are displayed in Figure 4 .
For ALDHs, the consensus for the Glu-active site
is [LIVMFGA]-E-[LIMSTAC]-[GS]-G-[KNLM]-[SADN]-[TAPFV], and that for the Cys-active site as [FYLVA]-x-{GVEP}-{DILV}-G-[QE]-{LPYG}-C-[LIVMGSTAN C]-[AGCN]-{HE}-[GSTADNEKR]
, based on alignment of 145 ALDHs from diverse organisms including mammals, plants, fungi and bacteria (Perozich et al. 1999 ). Both AnBADH and AsBADH exhibited residues that contributed to these domains. The Glu-active site domain in AnBADH and AsBADH comprised of L-E-L-G-G-K-S-P (Motif 5). In plants, however, this domain is the conserved decapeptide V-T-L-E-L-G-G-K-S-P (Weretilnyk & Hanson 1990 ). The ALDH Cysactive site in AnBADH and AsBADH (Motif 6) was F-W-T-N-G-Q-I-C-S-A-T-S, exhibiting a few changes compared to the consensus (given above). The third residue {G/V/E/P} was replaced by T, the fourth {D/I/L/V} by N, the seventh {L/P/Y/G} by I and the eleventh {H/E} by T. However, these changes were also noticed in spinach and other GB-accumulators (Fig. S2) , suggesting evolutionary variations between mammalian and plant ALDHs. The cysteine of the ALDH Cys-active site in AnBADH and AsBADH was at 28 residues from the decapeptide, as in the other GB accumulator plants ( Fig. 4; Fig. S2 ). Motif 4 in AnBADH and AsBADH was GSSATG, very similar to the signature sequence GxGxxG suggested to be involved in the NAD-binding turn of the Rossmann fold (Hempel et al. 1993 
), the S instead of the second glycine falling within the consensus [Vil]-[Astvl]-[Fl]-[Tl]-G-S-[stdgvfty]-[Atpe]-T-G (Table 3). Motif 8 was also highly conserved in AnBADH and AsBADH, as per the consensus [Ed]-E-V-F-G-P-V. The fifth glycine in
Motif 4 along with the invariant phenylalanine in Motif 8 are integral for binding the nicotinamide ring of NAD (Hempel et al. 1993) . Absence of the C-terminal SKL, the peroxisomal signal characteristic of monocot BADHs translocating to microbodies, suggests An-BADH and AsBADH may not be translocated to peroxisomes. Supporting this is the prediction of cytoplasmic localisation by WoLF PSORT. However, it is important to investigate the localisation experimentally.
Expression of CMO and BADH genes of saltbushes is up-regulated under salinity stress
The results of optimisation of semi-quantitative RT-PCR for different cycle numbers (data not shown) indicated CMO and BADH products could be analysed optimally at 20 and 25 cycles, respectively. Both genes showed notable up-regulation under salt stress in leaf tissues compared to control plants ( Fig. 6; Fig S3) , both relative to actin, which showed similar levels in control and salt-stressed plants, supporting its common use as a house-keeping control (Nicot et al. 2005) . The CMO expression in leaves was 1.7-fold higher in A. nummularia and 1.5-fold higher in A. semibaccata, and even higher in the roots (FC of 2.2 and 2.9, respectively). The BADH genes were also up-regulated in the leaf (FC of 2 in A. nummularia and 1.7 in A. semibaccata), but exhibited little change in roots.
Salinity stress induces accumulation of high levels of glycine betaine in saltbush leaves
The linearity of the HPLC method (elution illus- 163-167
Involved in NAD-binding turn of the Rossmann fold. The fifth glycine G) along with the invariant phenyl alanine (F) in motif 8 is integral for binding the nicotinamide ring of NAD.
237-246
General base for catalytic reaction.
260-269
The terminal invariant residue Cysteine (C) acts as the catalytic nucleophile, highly conserved in all sequences with catalytic activity.
290-297
PF 375-383
[Ed]-E-V-F-G-P-V The second invariant glutamic acid (E) is involved in binding NAD.
395-401
a Residues in bold in column 3 indicate highly conserved, invariant residues in at least 95% of known ALDHs, whereas in column 4, they indicate the single most conserved residue in plants. Capitalized letters represent residues that are predominant, while less conserved alternative residues are in small letters within at a position are shown in square brackets. 'PF' indicates no specific role has been assigned to the motif other than their involvement in protein folding. b The ten most conserved sequence motifs proposed by Perozich et al. (1999) , based on the alignment of the consensus sequences of ALDH family in diverse organisms including fungal, bacterial, plant and human ALDHs. c Corresponding motif pattern in plant BADHs. As per the multiple sequence alignment of putative plant BADH proteins. d Roles of the motifs proposed by Hempel et al. (1993) and Perozich et al. (1999) . trated in Fig. S4 ) was established from the standard curve wherein the typical linear regression value R2 was 0.9992 for the betaine standards. The results for method validation are given in Table S4 . The intraday % RSD was 0.71%, 0.44% and 0.29% and the interday % RSD was 0.61%, 1.53% and 0.41% for the three standard solutions, well below the ±2% stipulated by the ICH guidelines, indicating the precision of the FW = fresh weight of leaf tissue. GB (mM) was calculated from the molecular weight of betaine 117.146 (mass/molecular weight). The same letter (a) indicates no significant difference at p < 0.05, while different letter (b) indicates significant difference p < 0.05 between control and salt-stressed samples.
method applied. The limit of detection was 0.58 µg/mL and that of quantitation was 1.75 µg/mL. The amount of GB in the leaf extracts was determined from the standard curve (Fig. S5 ) and expressed as µg/mg of fresh weight of leaf tissue (Table 4 ). There was a small, statistically insignificant difference in the GB levels in control plants of the two species (A. nummularia = 1.33 ± 0.34, A. semibaccata = 1.96 ± 0.2). Interestingly, the salt stressed plants showed 2.3-3 fold significantly higher levels (A. nummularia 3.48 ± 0.24, A. semibaccata 5.00 ± 0.29), with A. semibaccata showing higher quantities than A. nummularia under control as well as salt stressed conditions.
Discussion
GB has been implicated in playing a protective role in plants against multiple abiotic stresses including salinity, drought, heat, cold and water logging (reviewed in Khan et al. 2009; Giri 2011) . The two major enzymes involved in GB biosynthesis in plants are choline monooxygenase (CMO) and betaine aldehyde dehydrogenase (BADH). In this study, the cDNAs were cloned and the putative CMO and BADH sequences of two native Australian saltbushes, A. nummularia and A. semibaccata, were analysed in detail for the first time. CMO belongs to a group of novel Rieske non-heme iron oxygenase family, catalyzes the first step in GB synthesis in plants, and is not found in animals or bacteria. The presence of all essential conserved regions, such as the Reiske-type cluster and mononuclear non-heme cluster in the putative CMOs of the saltbushes (Table 2), including a 58-residue chloroplast transit peptide proposed to be required for this subcellular localisation (Rathinasabapathi et al. 1997) , suggests these encode functional enzymes. Non-accumulators, such as Arabidopsis and rice also have the Reiske-type and mononuclear non-heme clusters. However, they exhibit mutations at other residues considered functionally important (e.g., in Arabidopsis CMO; Hibino et al. 2002) , or process incorrect and shorter transcripts (e.g., rice CMO; Luo et al. 2012) , and vary significantly at their N-terminal end (Fig S1) . Iron-sulfur (Reiske) clusters are involved in vital processes, such as cell respiration and photosynthesis due to their ability to transfer electrons, and have other functions, such as centres of catalytic activity, regulators of gene expression (in bacteria), and sensors of iron and oxygen (reviewed in Balk & Lobreaux 2005) . Reiske proteins typically contain two Fe atoms and two acid-labile sulphide groups, and the Reiske motif typically involves coordination of one Fe by the sulphides of two cysteine residues and the other Fe by the δ-nitrogen atoms in the imidazole rings of two histidine residues (Fee et al. 1984) . However, the Reiske-type cluster (2Fe-2S) in plants has both iron atoms co-ordinated by the two cysteines, making them 'novel' (Kimura et al. 2005) , and the cysteine ligands instead of serine are suggested to make them more stable (Cheng et al. 1994) . The Rieske motif consensus for AnCMO and AsCMO was CXHX 16 CX 2 H, identical to the spinach and sugar beet motifs and very similar to the plant consensus (CXHX 15−17 CX 2 H). The common signature motif for the mononuclear non-heme Fe cluster in oxygenase enzymes shows two residues after the second aspartate (DXX) (Jiang et al. 1996) . The Asp and His may act as mononuclear Fe ligands at the site of oxygen activation (Jiang et al. 1996) , contributing to catalytic function. This cluster in AnCMO and AsCMO, was DX 3 DX 3 HX 4 H; however, this extra residue is consistent with all plant CMOs (G/DX 3−4 DX 2 HX 4−5 H) (Fig. S1 ). But several changes in these regions apart from the conserved cysteine (C185, C204; Fig. S1 ) and histidine (H187, H207; Fig. S1 ) residues were observed, persistent among the cereal/crop plants and Arabidopsis. Comparison of the Arabidopsis Rieske motif with these motifs (Fig. S1) showed the changes S186T, R188H, C194S, S196N, K199R and P205L; except for Hordeum vulgare, Lycium chinensis, Oryza sativa, Lycium barbarum, Ricinus communis and Zea mays. These 6 species also exhibited changes around this region; although these do have a CMO gene, they are not known to accumulate GB abundantly. Changes in amino acid residues may affect the physicochemical properties of the protein as well as protein folding; however, the effects need to be investigated through site-directed mutagenesis.
A number of other functionally important sites identified by CDD-search, based on multiple alignments of well-annotated full-length proteins and conserved protein domains, were also noted in the AnCMO and AsCMO sequences, i.e., the active site, substrate (choline + O 2 + reduced ferredoxin + H + ) binding site, Fe-binding sites and a putative α-subunit interface (Table S3). The α-subunits are catalytic, their N-terminal binding to the Reiske cluster and the C-terminal binding to the non-heme Fe (CDD Search ID cd08883). Taken together, the observations suggest strongly that the saltbushes encode functional CMO enzymes. Reiske proteins are commonly found in chloroplasts and mitochondria (Balk & Lobreaux 2005) . For AnCMO and AsCMO, ChloroP indicated a cTP, and TargetP also indicated a cTP, with the strongest prediction (reliability class 1). However, its predicted cTP length is inconclusive due to certain discrepancies. Firstly, the multiple sequence alignment suggested 58 residues (Fig. 2) , as both putative AnCMO and AsCMO showed the AVA residues found by peptide sequencing at the start of mature spinach CMO (Rathinasabapathi et al. 1997 ).
Secondly, ChloroP suggested the cTP length of 72 for AnCMO and 91 for AsCMO, despite Ala61 and Ala59 having the highest prediction scores, respectively. Finally, TargetP predicted the same cTP lengths (72 for AnCMO, 91 for AsCMO), as both softwares run the same scoring matrix derived from the MEME (Multiple Em for Motif Elicitation) algorithm. Hence, while there is a strong indication of chloroplast localization from the putative sequences, experimental determination of the actual processing sites is necessary.
The biochemical properties of the putative mature CMOs were construed using ProtParam (Table S3) . The estimated molecular weights of 42.67 kDa and 42.54 kDa for monomers of AnCMO and AsCMO, respectively, are close to the experimentally determined values for other plants, e.g., spinach (42.8 kDa; Rathinasabapathi et al. 1997) , Amaranthus tricolor (>43 kDa; Meng et al. 2001) . However, the instability index of 40 or above predicts a protein to be unstable (Gasteiger et al. 2005) , hence these CMOs may not be monomeric. A homodimer or possible homotrimer of 135 kDa is reported in spinach (Rathinasabapathi et al. 1997 ), a dicot GB accumulator. The CMO of A. thaliana, a dicot non-accumulator, shows an instability index of 31, classifying it as stable. This may be partly due to the prediction of its transit peptide being by UniProt rather than experimentally. Interestingly, O. japonicus, a monocot, shows a pattern similar to the dicot accumulators. Although native GB accumulation data for O. japonicus is not reported, expression of O. japonicus CMO in tobacco led to 2-2.5 fold increase in GB accumulation (Liu et al. 2010 ), suggestive of this monocot being an accumulator with a functional CMO.
BADHs belong to the class of pyridine nucleotidedependent dehydrogenases. The putative BADHs identified in this study exhibited motifs of paramount structural and functional importance, including the two most conserved ones, the Glu-and Cys-active site motifs, which play a role in the catalytic activity of BADHs. The recent tertiary structure predictions and X-ray crystallography of spinach SoBADH (PDB code: 4A0M; Diaz-Sanchez et al. 2012 ) support some of the residues being essential for substrate binding; mutations at these residues could thus alter the enzyme activity and subsequently GB accumulation. The spinach BADH structure also emphasized the significance of certain other residues that play a direct role in BADH activity, and shed some light on why certain BADHs have higher activity while others have little or none. While Ala441/Cys441 is found in GB accumulators, it is replaced by Ile441 in low/non GB accumulators (Diaz-Sanchez et al. 2012 ). Tyr160, Trp167, Trp285 and Trp456 form a pocket that allows binding of the substrate betaine aldehyde. This interaction is not affected by Ala441/Cys441; however, Ile441 decreases the size of the pocket, thereby inhibiting substrate binding (DiazSanchez et al. 2012) . The Ala443 (equivalent to Ala441) is conserved in AnBADH and AsBADH (note the difference in number is due to deletion of residues 62-64 in spinach BADH; Fig 4) . This suggests that both saltbushes are potential GB accumulators, expressing functional BADH. Changes to the substrate-binding site may also facilitate, or prevent, the binding of substrates other than betaine aldehyde, e.g., in BADHmediated oxidation of other aminoaldehydes, such as 3-amino-propionaldehyde, 4-aminobutyraldehyde or 4-guanidinobutyraldehyde in Avena sativa (Livingstone et al. 2003) . Comparison of the physicochemical properties of saltbush BADHs (Table S3) did not reveal any notable differences. The classification of BADHs as stable may be due to the fact that post-translational processing was not considered, as BADHs lack a typical Nterminal signal peptide, and the peroxisome-targeting SKL was also lacking. The prediction needs experimental investigation, as an atypical, unusually short N-terminal transit peptide has been hypothesised for spinach BADH (Weretilnyk & Hanson 1990) .
The close phylogenetic relationship of the A. nummularia and A. semibaccata CMO and BADHs with other members of the Amaranthaceae, and a clear separation from monocots, such as rice, barley and corn, also suggests strongly that the saltbushes are GB accumulators. For CMO, the distinction into different clades can be attributed to difference in the protein sequences mainly in the N-terminal signal peptide (Fig. S1 ). It is notable that Arabidopsis and cereals, such as rice, are known low or non-GB accumulators (Hibino et al. 2002; Luo et al. 2012 ) and do not exhibit the AVA residues at the start of the mature polypeptide determined experimentally in spinach (Rathinasabapathi et al. 1997) , raising the question whether their CMO pre-proteins are processed correctly.
The presence of genes may not necessarily indicate actual gene expression or high GB accumulation, as seen in A. thaliana (Hibino et al. 2002) . Several other factors need to be considered, e.g., regulation of substrate synthesis, intracellular synthesis and transport, accumulation and degradation, and physicochemical properties of the enzyme including key residues (Rao et al. 2006) . Hence, we also investigated the gene expression and GB accumulation in the two saltbushes under salinity stress. Semi-quantitative mRNA expression analysis showed up-regulation of CMO in both types of tissue (leaf and root). BADH showed substantial up-regulation in leaves only, in agreement with previous reports focussing on BADH expression in leaves (Nuccio et al. 1998; Ahmad et al. 2008) , with only a few on BADH expression in roots (Nakamura et al. 2001) . In barley, one isozyme of BADH, BBD1, showed two-fold increase in expression under salinity, drought and abscisic acid, whereas BBD2 showed only a slight increase under salinity, drought and cold (Nakamura et al. 2001 ). In the mangrove Avicennia marina, one type of the root BADH mRNA showed a 2-fold increase but no change in another type (Hibino et al. 2001) . These observations suggest a possibility of more than one BADH isozymes may be present. However, the cDNA sequences of both species did not provide any evidence of this. Expression of CMO and BADH transgenically into non-GB-accumulating plants, such as A. thaliana (Hibino et al. 2002) and tobacco (Nicotiana tabacum) (Yang et al. 2008 ) and rice (Shirasawa et al. 2006) led to significant levels of tolerance to salinity. Thus, strong induction of these genes in saltbushes indicates their involvement in the extreme innate salt and drought tolerance of these plants.
Natural GB accumulators, such as halophytes, or transgenic accumulators, such as potato (Ahmad et al. 2008) , cotton (Zhang et al. 2009 ) or bread wheat (He et al. 2010) , have shown increased levels of salinity tolerance. It was thus essential to quantify the compound GB. The amount of GB produced in the leaves of A. nummularia and A. semibaccata under control and salt stress conditions was determined using HPLC (Table 4 ). The salt stressed plants of both species showed 2.3-3 fold higher levels than respective controls, with A. semibaccata showing significantly higher levels than A. nummularia. Many species of Atriplex have been demonstrated to be GB accumulators, e.g., A. griffithi (Khan et al. 1998 ), A. portulacoides (Bessieres et al. 1999) ; however, the amounts were expressed in terms of dry weight, making comparisons of our data to these difficult. Therefore, data on other halophytic chenopods, such as Suaeda is more appropriate for comparison. Park et al. (2009) showed production of 30.8-33.0 mmol/kg fresh weight (FW) in the leaf tissue of three different Suaeda species under salt stress. We found A. nummularia and A. semibaccata also accumulated high levels of GB under stress, at 29.69 mmol/kg FW and 42.57 mmol/kg FW, respectively, proving their excellent innate accumulator ability. In contrast, barley and wheat were reported to accumulate 4-9 and 12 mmol GB per kg FW, respectively (Nakamura et al. 1996; Raza et al. 2007 ) under salt stress.
Conclusions
The presented work provides several lines of evidence that GB biosynthesis may be involved in the high levels of innate salinity tolerance of these species, i.e., conservation of signature residues/motifs in key enzymes, up-regulation of genes encoding these enzymes under salinity stress, and very high levels of GB accumulation. The results may also explain their survival and longevity in drought-prone areas, as GB imparts osmoprotection under various dehydration stresses. Further, the positive effects on animal health reported in various saltbush feed trials may also be related to the production of GB. Thus the saltbushes have strong potential for the dual prospect of saline land reclamation as well as a functional fodder, and also serve as the genetic resource for manipulation of other important crops. However, it will be desirable to establish the definitive amounts of GB that can produce stress-mitigating effects in other plant species and health benefits in different grazing animal species.
